Bilan sur I’état de ’art

L’étape de mise en solution des espéces Hg est fondamentale. Les méthodes d’extraction et
de dérivation utilisées, tout en étant rapides, pratiques et robustes, ne doivent pas engendrer de
modifications des espéces initialement présentes pour permettre une analyse non biaisée de la
spéciation du Hg. Pour cela, une étape de marquage par des especes du Hg enrichies isotopiquement
dés le commencement de la préparation d’échantillon semble judicieux et offre un parfait contrdle
des éventuelles modifications (perte d’analyte, méthylation, déméthylation) pouvant survenir au
cours de la procédure analytique.

L’étude bibliographique des principales techniques d’extraction et de dérivation des espéces
mercurielles dans les matrices biologiques utilisées au cours de cette décennie laisse envisager que
la méthode d’extraction assistée par micro-ondes (MAE) apparait comme une alternative pertinente

en raison de sa rapidité et sa simplicité de mise en ceuvre, de ’utilisation de volumes de solvant plus
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faibles impliquant moins de déchets et de risques de contamination et du fait qu’elle engendre peu
de transformations inter-espéces. L’hydroxyde de tétraméthylammonium est le solvant le plus
utilisé dans la littérature et semble le plus adapté a la mise en solution des formes mercurielles par
MAE dans les produits de la péche. La dérivation des espéces Hg par le tétrapropylborate de
sodium (NaBPr,) est la technique de dérivation la plus rencontrée dans la littérature en raison de ses
applications qui s’étendent a toutes les espéces Hg (iHg, MeHg, EtHg, etc.), de sa pureté et de sa
grande efficacité. Ces avantages par rapport aux autres techniques d’extraction et dérivation testées
dans la littérature sont des atouts précieux pour de futures applications en analyse de routine.
L’application de la méthode sur des matrices alimentaires réelles nécessite une séparation
simple et rapide des espéces et 'utilisation d’un détecteur spécifique, sensible et robuste. Le
couplage entre la séparation par chromatographie capillaire en phase gazeuse et la détection par
ICP-MS semble répondre de la facon la plus pertinente a ces criteres. Parmi les colonnes
chromatographiques les plus testées dans la littérature, il apparait que la colonne MXT (Restek)
semble étre le choix le plus adapté pour une séparation simple, rapide et simultanée des composés
inorganiques et organiques contenus dans des matrices réelles. L’ICP-MS permet d’appliquer la
dilution isotopique ce qui confere une plus grande exactitude des résultats. D’apres la revue 1, le

choix de la technique de calcul a appliquer dépendra de I’information recherchée.

Cette étude bibliographique a permis d’extraire de la littérature plusieurs parameétres qui
semblent appropriés pour 1’analyse en spéciation du Hg dans les produits de la péche. La suite de
cette étude s’est donc intéressée a évaluer la réelle pertinence de ces différents parameétres
d’extraction, dérivation et quantification sur différents matériaux de référence certifiés de produits
de la péche. Une fois optimisée, la méthode analytique sera validée selon 2 normes francaises
(AFNOR 1998 et 2010).
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Abbreviations:
Species:

Hg°: elemental mercury
iHg: inorganic mercury
MeHg: methylmercury

THg: total mercury

Quantification:

EC: external calibration
M: methylation
D: demethylation

ID-MS: isotope dilution — mass spectrometry

IDMS: isotope dilution analysis
e SU-IDMS: species-unspecific isotope dilution analysis
e SS-IDMS: species-specific isotope dilution analysis
o S-IDMS: simple isotope dilution analysis
o M-IDMS: multiple isotope dilution analysis
= D-IDMS: double isotope dilution analysis
= D-SS-IDMS: double species-specific isotope dilution analysis
= |PD: isotope pattern deconvolution

Analysis:
CV: cold vapour

EI-MS: electron impact mass spectrometry

ETV-ICP-MS: electrothermal vaporisation - inductively coupled plasma mass spectrometry
GC: gas chromatography

HPLC: high performance liquid chromatography

ICP-MS: inductively coupled plasma mass spectrometry

MAE: microwave assisted extraction

MC-ICP-MS: multicollector inductively coupled plasma mass spectrometry

MIP-AES: microwave induced plasma-atomic emission spectrometry

SPME: solid phase micro-extraction

US: ultrasound
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Abstract:

Mercury is a toxic compound that can contaminate humans through food and especially via
fish consumption. Mercury’s toxicity depends on the species, with methylmercury being the most
hazardous form for humans. Hg speciation analysis has been and remains a widely studied subject
because of the potential difficulty of preserving the initial distribution of mercury species in the
analysed sample. Accordingly, many analytical methods have been developed and most of them
incur significant loss and/or cross-species transformations during sample preparation. Therefore, to
monitor and correct artefact formations, quantification by isotope dilution is increasingly used and
provides significant added value for analytical quality assurance and quality control.

This review presents and discusses the two different modes of application of isotope dilution
analysis for elemental speciation (i.e. species-unspecific isotope dilution analysis and species-
specific isotope dilution analysis) and the different quantification techniques (i.e. classical and
multiple spike isotope dilution analyses). Isotope tracers are thus used at different stages of sample
preparation to determine the extent of inter-species transformations and correct such analytical
artefacts. Finally, a synthesis of the principal methods used for mercury speciation in seafood using

isotope dilution analysis is presented.

Keywords: speciation, methylmercury, seafood, isotope dilution analysis, inter-species

transformations
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l. Introduction

Mercury (Hg) is an element occurring naturally in all environmental compartments. The Earth’s
crust is the primary source of Hg, releasing 2700 to 6000 tons of elemental Hg (Hg®) into the
atmosphere every year [1]. The second natural Hg emission source is volcanic activity, accounting
for up to 2000 tons of emitted Hg° [2, 3]. The available Hg concentration in the environment is
increased by anthropogenic sources such as mineral exploitation (mining lead and zinc),
combustion products (coal - fuel oil), industrial waste (chlorine industry, soda, etc.) and waste
incineration [4, 5]. Mercury is used in a wide range of industrial sectors (batteries, cables and
electrical switches, measurement devices, dental amalgams, lamps), which result in it being released

into the environment.

Mercury is present in the environment as elemental mercury (Hg°®), inorganic mercury (iHg)
and organic mercury (mainly methylmercury, MeHg). Hg® and iHg are released into the air and
deposited in soil, water and sediments. They are then transformed via biotic or abiotic reactions into
MeHg. This species enters biota (plankton, phytoplankton) by passive absorption or via food. It
then associates with the soluble part of the organism due to the complexation of MeHg with amino-
acid containing a thiol (e.g. cysteine) and bioaccumulates. MeHg is also biomagnified, as iHg is not
effectively retained by the organism [11]. Seafood is the primary source of human contamination by
MeHg [11-13]. Over 90% of MeHg is absorbed through the gastrointestinal tract, then transferred
into the bloodstream due to its complexation with thiol and to active transport, and distributed
throughout the body. With oral exposure, the central nervous system is organic mercury's main
target organ, particularly during foetal development. The toxic effects are alteration of sensory
functions (sight, hearing), motor coordination, memory, attention and learning [13-15]. The toxicity
of inorganic mercury causes renal lesions, neurotoxicity and cardiovascular disorders. In the most
extreme cases, it can cause death as was the case in Minamata, Niigata and Iraq [16, 17].

As a safeguard for human health, maximum permissible levels of Hg in fish (0.50 or 1 mg
kg essentially for predatory fish) and shellfish (0.50 mg kg™) have been set by Regulation (EC) No
629/2008 to limit dietary exposure of consumers [18]. Furthermore, in 2003 the Joint FAO/WHO
Expert Committee on Food Additives (JECFA) established a Provisional Tolerable Weekly Intake
(PTWI) of 1.6 pg MeHg/kg bw and 5 pg THg/kg bw [19]. In 2010, the PTWI for THg was
withdrawn by the Committee and replaced by a PTWI for inorganic mercury (iHg) of 4 pg/kg bw
[20]. This new PTWI is applicable to dietary exposure to total mercury from foods other than fish

and shellfish. For MeHg in these foods, the previously established PTWI1 should be applied.
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Currently available contamination values in seafood are based on THg concentrations and
evaluation of MeHg exposure is based on a simplifying assumption which considers that the
average percentage of Hg present as methylated mercury in the flesh of fish is 84% of THg (MeHg
= 0.84 THg) with a 15% variation around this value between species and within them, according to
the fishing area [21]. This hypothesis was challenged by studies which have shown that MeHg may
represent a smaller share of THg in some fish [22, 23]. This discovery confirms the need to estimate
levels of MeHg, in addition to THg concentrations, to obtain more specific toxicological reference
values and recommendations.

After a short summary of the most widely developed Hg speciation analysis methods,
isotope dilution analysis (IDMS) will be introduced. The advantages and principal applications of
this innovative quantification technique will then be presented and discussed.

I1. Mercury speciation analysis

The methods developed to perform Hg speciation analysis involve the coupling of a
powerful separation technique (liquid or gas chromatography, capillary electrophoresis) with a
selective and sensitive (elemental) detection method (fluorescence spectrometry, plasma source
coupled with emission spectrometry or mass spectrometry) [24-26]. Gas chromatography coupled
with inductively coupled plasma mass spectrometry (GC/ICP-MS) has rapidly conquered the field
of trace and ultra-trace elemental analysis due to the high resolving power of the capillary GC
technology, which offers excellent separation of Hg species and the sensitive multi-elemental and
multi-isotopic detection capabilities of ICP-MS. Furthermore, this analytical set-up offers the best
opportunity to perform speciated isotope dilution mass spectrometry [25, 27].

Extraction and derivatisation steps are common for most sample preparation methods involved in
Hg speciation analysis by GC-ICP-MS. The main extraction method used is microwave assisted
extraction (MAE) due to its speed, efficiency and low occurrence of methylation (M) and
demethylation (D) reactions [28-30]. For the derivatisation of Hg species, alkylating reagents such
as sodium tetrapropylborate (NaBPr;) and sodium tetraethylborate (NaBEt;) are mainly used
because derivation takes place in an aqueous medium, the natural environment of most biological
samples [29, 31].

The recent development of IDMS has drastically improved the accuracy and quality of Hg
speciation analysis results [25, 32, 33]. Indeed, the use of isotopically enriched species (i.e. spikes)
as tracers overcame the traditional problems related to non-quantitative recoveries and the
formation of Hg artefacts that particularly occur during the extraction and derivatisation steps [29,
34-38].
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1. Isotope dilution analysis

Isotope dilution analysis (IDMS) directly refers to the mass and the mole, the fundamental
units of the international system of measurement. This quantification technique is consequently
inherently superior to other methods (i.e. the external calibration or standard addition methods) used
for the determination of trace elements. In IDMS, quantification is based on the measurement of the
isotope ratio, making quantitative recoveries unnecessary, in samples where the initial isotopic
composition has been altered by the addition of known amounts of one or more spike(s). Provided
that spikes are in equivalent forms to natural Hg species, and that complete isotope equilibrium with
them was reached, they will act as “ideal” internal standards and rearrangement reactions will be
easily detected.

This technique is used exclusively in combination with a mass spectrometer and especially
an ICP-MS, because its specificity improves the accuracy and the precision of the measured isotope
ratios. Moreover, sample preparation is generally simpler than with MS analysis. IDMS is
considered to be a definitive method, offering accurate determination of Hg species with small
uncertainties and has been the subject of numerous review articles [26, 27, 32, 39, 40]. Furthermore,
it can be applied for routine tests but also for diagnostics or to assist in the development of new
methods.

The use of spikes for trace element speciation analysis in biological and environmental matrices has
increased considerably since the first experiments in the 1950s [41-43]. There are two different
modes of IDMS application, i.e. species-unspecific (SU) or species-specific (SS) spiking mode, as

explained in Figure 1.

111.1. Species-unspecific spiking mode isotope dilution analysis

The SU spiking mode was generally used because of a lack of commercially available
isotopically enriched mercury species identical to the species of interest, and is exclusively limited
to the correction of errors derived from the detection step. Indeed, after a complete separation of
endogenous species, spikes were added to and mixed with the separated natural species, before the
ionisation and detection process, in order to accurately measure the corresponding isotope ratio
[27]. Nowadays, many Hg isotope tracers are available and the SU spiking mode is usually replaced

by the SS spiking mode.
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111.2. Species-specific spiking mode isotope dilution analysis

In SS spiking mode, species of interest will be marked by analogue species that have been
modified isotopically during the sample preparation procedure. In this way, IDMS is applied
specifically to one or more species, depending on whether the single or multiple IDMS technique is
used (Figure 1). This powerful approach was first employed in 1985 by Unger and Heumann (1985)
[44] to determine inorganic compounds (nitrite and nitrate traces) in food samples. The SS spiking
mode has since mainly been used to analyse organometallic compounds such as MeHg [30, 35-38,
45, 46].

The prerequisites for using the SS spiking mode have previously been discussed in detail
[47]. Briefly, the chemical identities of the sample and spike(s) must be fully known and a complete
isotopic equilibrium between endogenous species and spike(s) must be quickly reached. Isotope
tracers are most often added at the beginning of sample preparation to ensure optimum control of
the whole analytical procedure.

Classical or simple isotope dilution analysis (S-IDMS) consists of the addition of one
isotopically enriched species to the sample to alter the natural isotopic abundance of the endogenous
species. Ideally, the amount of spike added to the sample should result in a mixed isotope ratio of
endogenous species to spike close to 1. From the mixed isotope ratio obtained and the S-IDMS
equation, quantification becomes possible [27, 35, 48]. S-IDMS enables the final result to be
corrected for any loss or non-quantitative extraction and therefore achieves excellent accuracy and
precision. However, inter-conversion reactions between species are not taken into account as only
one spike is added. To evaluate and correct the final result for methylation and demethylation
reactions, multiple-isotope dilution analysis (M-IDMS) must be used [37, 38, 49, 50]. In double
isotope dilution analyses (D-IDMS), the sample is spiked with known amounts of two isotope
tracers (e.g. *°iHg and Me®*Hg) that will react identically to the studied species (***iHg and
Me?®Hg). Quantification is then based on the measurement of the mixed isotope ratios. D-IDMS is
established as a baseline approach that allows the main analytical bias to be corrected and permits
an accurate quantification of Hg species [35, 36, 38, 49, 51-53].

Data obtained by D-IDMS can be processed specifically for two species (i.e. double species-
specific isotope dilution analysis or D-SS-IDMS) or for the whole system (i.e. isotope pattern
deconvolution or IPD). For example, the D-SS-IDMS model can look at 3 isotopes (e.g. 199, 201
and 202) and 6 species (**iHg, ®iHg, *®iHg, ***MeHg, **MeHg and 2**MeHg). In this case, 6

mass conservation balances are established according to the equations below:
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iHg __ iH, iH, MeH, MeH
For iHg: N8 = (N9 + N9 ) (1— M) + (NP9 4+ NDISH9) D (1— M)

For MeHg: N °F9 = (N'*H9 + NZPH9) (1 - D) + (N9 + N9 ) M (1-D)

For example, for **®iHg in the mixture (m), total mass (Nm'"% consists of the mass of iHg
initially present in the sample (Ns"9) and the iHg from the spike (Nspng), taking into consideration
M (loss of iHg by methylation) and D (gain in iHg by demethylation of ***MeHg) reactions.

From the 6 mass balances, 4 mixed isotope ratios can be calculated with R?%?* .- and
R%02199 sy depending on the demethylation of MeHg and R®%2 | \jerig and R?%2%%% 1oy and
depending on the methylation of iHg. By a mathematical rearrangement as described in the
publication of Monperrus et al. (2008) [49], M and D rates can be determined independently of the
amount of endogenous species and final Hg species concentrations will be corrected for them.

In IPD, all the different isotopic models of spikes and endogenous species are considered
[38, 54, 55]. The combination of isotope ratios of natural species, spikes and mixtures enable two
over-determined systems of equations to be established for each species that can be expressed in
matrix form. Then, the measured mass isotopomer distribution in the mixture for the different
masses of species is deconvoluted by multiple linear regression applying least squares fitting and
minimising error, to obtain the molar fractions from the three isotope patterns considered (i.e. the
natural pattern, the iHg pattern and the MeHg pattern) and the interconversion factors M and D.
Quantification is thus more accurate as potential cross-species transformations on unmarked species
are corrected. However, the mathematical resolution becomes particularly complex and results are
less precise than with D-SS-IDMS, because errors become more numerous when the number of
parameters is increased [56]. D-SS-IDMS and IPD differ in their mathematical complexity and their
ability to expand to deal with a large number of species, but the processing of all the element’s
isotopes allows the calculation of variance-covariance to determine the instrumental mass bias as
effectively as by analysis of thallium, which is a significant advantage over other techniques of
quantification by isotope dilution.

To conclude, despite the apparent mathematical complexity of the M-IDMS techniques (SS-
IDMS and IPD), these approaches retain all the advantages of S-IDMS while providing powerful

capabilities for quantification and correction of inter-conversion reactions.

111.3. Advantages and limitations of IDMS

IDMS can be only applied to elements with at least two stable isotopes that can be analysed
by mass spectrometry without spectral interference [27]. IDMS is accurate only if a complete
isotopic equilibrium between endogenous species and spikes is achieved. In practice, this can be
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difficult as spikes tend to be extracted more efficiency than endogenous species because they are
unrelated to the matrix [45, 53].

For Hg speciation analysis, many enriched standards have been developed and are available
commercially, permitting the application of SS spiking mode. The exact isotopic composition of all
added spikes is determined by monitoring the stability of concentrations by reverse isotope dilution
analysis and the stability of isotopic abundances by isotope abundance analysis [27].

Uncertainty measurements associated with IDMS depend essentially on the uncertainty
measurement of the mixed isotope ratio “Ry,” [45, 57]. This parameter is calculated by dividing the
peak area obtained for the most abundant natural isotope by the peak areas measured for the spike
(e.g. R?2%, for MeHg, R%%1%°, for iHg, etc.). It is based on a multitude of other parameters such
as detector mass bias, detector dead time, sensitivity of the detector, data acquisition parameters,
peak shape, etc. This ratio is constant throughout the sample, which explains why quantitative
extraction is not needed [27]. In return, “Ry” must be measured with high accuracy and precision in
order to diminish systematic errors. It is therefore necessary to exhaustively monitor blank values to
ensure that no contamination is affecting this ratio [58] and to regularly evaluate detector mass bias
and dead time. To conclude, a lack of peak symmetry may affect the accuracy of "Rn," [59].

major limitation of M-IDMS is concentration differences between species. When iHg and
MeHg concentrations are very different (ratio MeHg/iHg < 0.05), the minority species must be pre-
concentrated prior to injection into the separation device which adds a further step to sample
preparation and thus increases uncertainty. D-IDMS methodologies are able to provide both
accurate and precise results for iHg and MeHg with similar relative concentrations, a condition that

holds for most biotissues [49].

It should be noted that IDMS has been widely applied for over ten years but some points of
this method are not yet fully understood. IDMS is based on the hypothesis that spikes act identically
to natural endogenous species but this behaviour has not been proven despite numerous studies
conducted in this area [47]. Furthermore, Meija et al. (2009) [60] recently raised the possibility of
inter-isotope reactions that may occur between spikes and analytes during interconversion reactions.
Over time, these reactions erase the dissimilarity of isotope patterns between the analytes involved
and can result in identical isotopic signatures regardless of the initial amounts or interconversion
rate constants, as illustrated in Figure 2. They conclude that due to the ability of multiple-spiking
isotope dilution to correct for any interconversion, less effort is made to minimise them while

vigilance should be maintained.
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To conclude, IDMS has shown through numerous studies its ability to determine Hg species
levels in seafood products with a high level of precision and accuracy. However, the analyst must
remain critical regarding the final results and check their consistency, for example by applying total

mercury analysis or by comparing the results obtained with those reported in the literature.

111.4. Evaluation of Hg speciation analysis in seafood using isotope dilution techniques

Many experiments using different stable isotope tracers have been carried out and
methodologies have been developed over time. Table 1 shows some applications of Hg speciation
analysis in seafood since 2000.

A slight preference for simple IDMS rather than multiple IDMS can be noted. However, the
most recent applications involve species-specific labelling with several Hg isotopes, allowing for
discrimination between species and investigation of M and D processes [27, 35, 38, 49, 50, 52, 53,
58, 82, 85, 87, 89].

The developed analytical methodologies using isotope tracers generally follow the common

model presented in Figure 3.

The discussion below will focus on selected applications from Table 1, dealing with the
optimisation of sample preparation for seafood analysis [45, 50, 52, 85, 92].

111.4.1 Evaluation of the lyophilisation/storage step

Applications of total Hg analysis and Hg speciation analysis in seafood are generally
conducted on freeze-dried samples [93-96]. This preprocessing aims to homogenise samples and
facilitate their transport and storage. Only two studies in the literature have examined the behaviour
of freeze-dried samples compared to fresh samples. Yu et al. (2003) [92] studied the influence of
various parameters including fresh and lyophilized materials on iHg and MeHg stability in
environmental and biological samples, not using isotopic tracers. Analysis demonstrated that MeHg
in fresh and dried fish muscle and CRMs showed good stability over time and against thermal
cycling. However, if fresh shellfish was repeatedly frozen and thawed, losses of MeHg could occur.
This study concluded that these two textures are equivalent in terms of species conservation [92].

Some years later, Point et al. (2007) [52] analysed iHg, MeHg and THg in biological CRMs
including three freeze-dried (FD) and two fresh-frozen (FF) materials, by S-IDMS and D-SS-
IDMS. For S-IDMS determination, FF and FD materials were not always commutable as MeHg
concentrations tend to be overestimated in FD materials due to methylation of iHg. The source of
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this transformation appeared to be linked to the type of acid used to adjust the pH. In D-SS-IDMS
determination, MeHg, iHg and THg concentrations were systematically in good agreement with
certified values and the materials were commutable. Consequently, this study showed that several
parameters of the analytical procedure can cause the formation of artefacts of mercury and
demonstrated the value of using D-SS-IDMS analysis instead of S-IDMS.

To conclude, Yu et al. (2003) [92] and Point et al. (2007) [52] evaluated the potential
difference in behaviour between freeze-dried and fresh matrices but they did not study the impact of
the freeze-drying process on species (e.g. degraded species or transformation reactions). To the
authors’ knowledge, no studies dealing with Hg species and the freeze-dried process have been

published. There is thus a lack of information about this topic.

111.4.2 Evaluation of the spiking procedure/isotopic equilibrium

The isotope equilibrium must be complete and reached quickly otherwise a difference in the
extraction efficiency between natural species and spikes will result, yielding errors in the
measurement of “Ry,”. If the sample is a liquid, equilibration by gentle agitation should be
sufficient. If it is a solid material, precautions should be taken to prevent preferential extraction of
the spiked species over the natural species [27, 37].

Clough et al. (2003) [45] assessed isotope equilibration by determining MeHg and THg
concentrations in DORM-2. The spike (Me'®Hg) in a solution containing 2% of HNO;3; was
equilibrated in a solution of 50:50 H,O:MeOH (v/v) containing 0.01% of 2-mercaptoethanol to
which DORM-2 was added. The mixture was agitated at 25°C by a magnetic stirrer and aliquots
were taken at different times, extracted by MAE and detected by HPLC-Q-ICP-MS. To determine

whether equilibration was attained, measured “R% "%, was compared to the theoretical mixed

R200/199m = 1). During the first few minutes, “R200/199m,, rose drastically until a plateau

isotope ratio (
at 6 minutes was reached, meaning that complete isotope equilibrium had been reached.
Furthermore, calculated MeHg and THg concentrations were in good agreement with certified
values, while extraction recovery was 53%, which demonstrated that complete extraction of
analytes is not necessary for accurate quantification by IDMS, when spiking takes place in a
solution.

Later, Point et al. (2008) [53] were interested in the influence of a complexing ligand on
isotope equilibrium. #iHg, Me®®*Hg and their cysteine-complexed analogues (***Hg (Cys). and
Me?®*HgCys) were compared in terms of reactivity and inter-species transformations induced on a
FF and a FD biological CRM. MeHg and iHg concentrations obtained were in good agreement with

certified values, except for iHg concentrations for CRMs spiked with cysteine-complexed solutions
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in which a systematic over-estimation was observed. For all experiments, negligible methylation
rates were noted. For CRMs spiked with labile spike solutions, D rates of 1.8% for the FD material
and 16% for the FF material were obtained while for standard reference materials (SRMs) spiked
with cysteine-complexed spike solutions, D rates of 7.5% for SRM 1566b and 33% for SRM 1974a
were observed. They concluded that with the FF and FD matrices, directly spiking without
extraction solvent can give accurate results if samples and spikes are homogenised and if an
equilibration time of 15 min is applied. Furthermore, for iHg species, cysteine-complexed species
have an influence on isotope equilibrium and transformations.

These studies have shown that a complete isotopic equilibrium can be reached whether
samples are in a solid or a liquid medium. Point et al. (2008) [53] have shown the importance of the
spikes chosen, because they can produce M and D reactions. Equilibrium can be achieved relatively
quickly, and once established, it allows accurate quantification, corrected for transformations,

despite low extraction rates.

111.4.3 Evaluation of the extraction/derivation steps

As it is difficult to completely avoid species transformations and non-quantitative extraction,
it is important to optimise the analytical procedure to minimise such phenomena and/or to correct
for their effects. It has been shown that extraction and derivation steps are precursors of M and D
reactions and are consequently regularly reviewed [34, 38, 50, 85, 97].

Reyes et al. (2008) [50] evaluated different protocols for the extraction of mercury species
from BCR-464 by HPLC-ICP-MS detection. For all the procedures, samples were spiked with
%iHg and Me®®Hg and equilibrated 1 h before extraction. Data were processed by external
calibration (EC) and M-IDMS. With EC determination, only MeHg and THg concentrations
determined after alkaline extraction using sonication were in good agreement with certified values
because of the non-quantitative extraction of the other techniques. With M-IDMS quantification,
these problems were automatically corrected and the MeHg concentrations obtained for all
extraction procedures were in good agreement with the reference values, except for acid extraction
using HNO3; where the MeHg concentration was too high. All the procedures showed similar
percentages of M (3 — 6%) and D (0.8 — 6%), except for two procedures which led to more
transformation reactions; i.e. HNO3; and MAE, with 18% of M, and CH;COOH and MAE with 27%
of D. This study highlighted that isotope dilution is able to ignore non-quantitative extraction and
also showed that inter-species transformations may be purely related to the extraction technique

used.
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Later on, Reyes et al. (2009) [85] optimised an acid MAE (HCI/NaCl) procedure for the

determination of iHg and MeHg in three CRMs and six freeze-dried fish tissue samples. Data were

processed by external calibration; 1D applied after extraction (DSAE) and ID applied before
extraction (DSBE). Irrespective of which of the 3 techniques was used, MeHg and iHg
concentrations of the 3 CRMs were in good agreement with references values, except for the iHg
concentration in NIST-1946. For real fish samples, good agreement was observed between THg
concentrations obtained by mercury speciation analysis and THg analysis, although the MeHg
values were significantly lower in some of the analysed samples when calculated by DSAE
compared to results obtained by EC and DSBE. These differences were probably due to an
incomplete isotopic equilibration. Negligible D rates were noted for all CRMs and fish samples. M
reactions were observed with higher rates obtained using DSBE than DSAE, showing that M
reactions occurred during the extraction step. Furthermore, percentages of M were higher in real
tissues than in CRMs because of differences in particle sizes and protein denaturation, showing the
matrix-dependent nature of M reactions. Except for DOLT-3, iHg concentrations in the studied
matrices were largely lower than MeHg concentrations, consequently M reactions did not affect
quantification by external calibration. In samples where iHg concentrations were higher, traditional
quantification by EC could be biased.

Castillo et al. (2010) [38] determined iHg and MeHg concentrations in BCR-464 and
DOLT-4 by GC-EI-MS after optimisation of the extraction and derivation steps. For the first stage,
MAE methods using TMAH and different temperatures and extraction times were compared. MeHg
and iHg concentrations obtained were in good agreement with certified values but significant
demethylation rates were observed after a short irradiation time. To determine the source of these
transformations, ***iHg and Me?**Hg were added before and after extraction. For both experiments,
there was no significant difference between the results obtained, showing that transformation
reactions were not induced by the extraction but by the derivatisation process. Ethylation and
propylation were then evaluated in a second stage. It was observed that D decreased faster with the
increase of microwave irradiation when propylation was used. The authors concluded that in the
presence of non-irradiated TMAH, D reactions occur during the derivatisation step, even if they are
reduced by the use of propylation.

These results demonstrate that transformation reactions are dependent on many parameters,
including the extraction and derivation steps, matrix, species form and concentrations, solvent used,
etc. Consequently, it is not possible to develop an optimised preparation procedure suitable for all
types of matrices, hence the need to apply multiple spiking methodologies for the determination of

MeHg and iHg in biological samples.
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V. Conclusion

Mercury is a toxic compound that can contaminate humans through food and especially via
the consumption of predatory fish. Hg speciation analysis has been and remains a widely studied
subject. The main difficulty of such an analysis is in preserving the initial distribution of Hg species in
the sample because of losses and/or cross-species transformations that may occur during the analytical
procedure. To monitor and correct these artefact formations, quantification by isotope dilution is
increasingly used. Once complete isotope equilibration between spikes and natural species in the
sample has been achieved, three calculation methods can be used (i.e. S-IDMS, SS-IDMS and IPD).
Most of the time, for mercury speciation, two spikes are used to determine the MeHg and iHg species.
Potential methylation and demethylation reactions are then detected and corrected.

Isotope dilution mass spectrometry (IDMS) is a major step forward in the world of
speciation analysis. It allows the accurate quantification of mercury species and contributes to the
understanding of the biogeochemical cycle of this element. However, it is not an absolute method
because many fundamental steps of this technique remain difficult to control fully (identical
reaction of spikes and natural species, complete isotopic equilibrium). It is therefore necessary to
remain rigorous by developing quantitative methods with limited cross-species transformations and
by regularly monitoring parameters such as blank purity, mass bias and dead time detector.

V1. Acknowledgments

The authors would like to thank the National Research Agency (ANR, “Contaminants,
Environnement et Santé” programme) for their financial support in the framework of the IDEA

project.

References

[1] J.C. Varekamp, P.R. Buseck, Appl. Geochem. 1 (1986) 65-73.

[2] J. Nriagu, C. Becker, Sci. Total Environ. 304 (2003) 3-12.

[3] M.S. Gustin, S.E. Lindberg, K. Austin, M. Coolbaugh, A. Vette, H. Zhang, Sci. Total Environ. 259
(2000) 61-71.

[4] E.G. Pacyna, J.M. Pacyna, F. Steenhuisen, S. Wilson, Atmos. Environ. 40 (2006) 4048-4063.

[5] AMAP/UNEP, Arctic monitoring and assessment programme, UNEP chemical branch (2008) pp 159.
http://www.chem.unep.ch/mercury/Atmospheric_Emissions/Technical background_report.pdf Accessed 13
July 2011

[6] R.C. Rodriguez Martin-Doimeadios, E. Tessier, D. Amouroux, R. Guyoneaud, R. Duran, P. Caumette,
O.F.X. Donard, Mar. Chem. 90 (2004) 107-123.

[7] V. Celo, D.R.S. Lean, S.L. Scott, Sci. Total Environ. 368 (2006) 126-137.

79


http://www.chem.unep.ch/mercury/Atmospheric_Emissions/Technical_background_report.pdf

Partie 11

[8] W.F. Fitzgerald, C.H. Lamborg, C.R. Hammerschmidt, Chem. Rev. 107 (2007) 641-662.

[9] M. Ranchou-Peyruse, M. Monperrus, R. Bridou, R. Duran, D. Amouroux, J.C. Salvado, R. Guyoneaud,
Geomicrobiol. J. 26 (2009) 1-8.

[10] R. Bridou, M. Monperrus, P.R. Gonzalez, R. Guyoneaud, D. Amouroux, Environ. Toxicol. Chem. 30
(2011) 337-344.

[11] F.M.M. Morel, A.M.L. Kraepiel, M. Amyot, Annu. Rev. Ecol. Syst. 29 (1998) 543-566.

[12] L. Bensefa-Colas, P. Andujar, A. Descatha, Rev. Med. Interne 32 (2010) 416-424.

[13] S. Ceccatelli, E. Daré, M. Moors, Chem.-Biol. Interact. 188 (2010) 301-308.

[14] NRC, Toxicological effects of methylmercury, National Academy Press, Washington, DC, 2000.

[15] P. Grandjean, M. Perez, Int. J. Environ. Health 2 (2008) 417-428.

[16] K. Oyanagi, F. Ikuta, Brain Nerve 45 (1993) 241-244.

[17] K. Eto, M. Marumoto, M. Takeya, Neuropathol. 30 (2010) 471-479.

[18] EC, Amending Regulation (EC) N° 1881/2006 laying down maximum levels for certain contaminants in
foodstuffs. Commission Regulation N° 629/2008, Oj N° 364, 20.12.2006, 2008.

[19] JECFA, Summary and conclusions of the sixty-seventh meeting of the joint FAO/WHO Expert
Committee and Food Additives (JECFA), JECFA 67/SC, 2008.
ftp://ftp.fao.org/ag/agn/jecfa/jecfa67_final.pdf Accessed 13 july 2011

[20] JECFA, Evaluation of certain contaminants in food (Seventy-second report of the Joint FAO/WHO
Expert Committee on Food Additives). WHO Technical Report Series, No. 959, 2011.
http://whglibdoc.who.int/trs/WHO _TRS 959 eng.pdf Accessed 13 july 2011

[21] ANSES, AVIS de I'Agence francaise de sécurité sanitaire des aliments relatif & I'évaluation des risques

sanitaires liés a I'exposition au mercure des femmes enceintes et allaitantes et des jeunes enfants. Saisine n°
2002-SA-0014, 2002.

[22] R. Dabeka, A.D. McKenzie, D.S. Forsyth, H.B.S. Conacher, Food Additives & Contaminants: Part A:
Chemistry, Analysis, Control, Expo. Risk Assess. 21 (2004) 434-440.

[23] T. Kuballa, M. Moellers, K. Schoeberl, D.W. Lachenmeier, Eur. Food Res. Technol. 232 (2010) 1-6.
[24] T. Stoichev, D. Amouroux, R.C. Rodriguez Martin-Doimeadios, M. Monperrus, O.F.X. Donard, D.L.
Tsalev, Appl. Spectrosc. Rev. 41 (2006) 591-619.

[25] E. Bjorn, T. Larsson, L. Lambertsson, U. Skyllberg, W. Frech, AMBIO J. Human Environ. 36 (2007)
443-451.

[26] D. Amouroux, F. Seby, M. Monperrus, F. Pannier, C. Mendiguchia, C. Benoit-Bonnemason, O.F.X.
Donard (Eds.), Chemical marine monitoring: policy framework and analytical trends. Chapter 5: chemical
species. In press. First edition. John Wiley and Sons, Ltd, 2011.

[27] P. Rodriguez-Gonzalez, J.M. Marchante-Gayon, J.l. Garcia Alonso, A. Sanz-Medel, Spectrochim. Acta
B 60 (2005) 151-207.

[28] C.M. Tseng, A. De Diego, F.M. Martin, D. Amouroux, O.F.X. Donard, J. Anal. At. Spectrom. 12 (1997)
743-750.

80


ftp://ftp.fao.org/ag/agn/jecfa/jecfa67_final.pdf
http://whqlibdoc.who.int/trs/WHO_TRS_959_eng.pdf

Partie Il — Revue |

[29] C.M. Tseng, A. De Diego, J.C. Wasserman, D. Amouroux, O.F.X. Donard, Chemosphere 39 (1999)
1119-1136.

[30] L.H. Reyes, J.L.G. Mar, A. Hernandez-Ramirez, J.M. Peralta-Hernandez, J.M.A. Barbosa, H.M.S.
Kingston, Microchim. Acta 172 (2011) 3-14.

[31] Garcia Fernandez R., Montes Baydn M., Garcia Alonso J. ., Sanz-Medel A., J. Mass Spectrom. 35
(2000) 639-646.

[32] S. Sturup, H.R. Hansen, B. Gammelgaard, Anal. Bioanal. Chem. 390 (2008) 541-554.

[33] P. Rodriguez-Gonzalez, J.1. Garcia Alonso, J. Anal. At. Spectrom. 25 (2010) 239-259.

[34] R. Falter, H. Hintelmann, P. Quevauviller, Chemosphere 39 (1999) 1039-1049.

[35] R.C. Rodriguez Martin-Doimeadios, T. Stoichev, E. Krupp, D. Amouroux, M. Holeman, O.F.X.
Donard, Appl. Organomet. Chem. 16 (2002) 610-615.

[36] R.C. Rodriguez Martin-Doimeadios, M. Monperrus, E. Krupp, D. Amouroux, O.F.X. Donard, Anal.
Chem. 75 (2003) 3202-3211.

[37] M. Monperrus, E. Krupp, D. Amouroux, O.F.X. Donard, R.C. Rodriguez Martin-Doimeadios, Trends
Anal. Chem. 23 (2004) 261-272.

[38] A. Castillo, P. Rodriguez-Gonzalez, G. Centineo, A.F. Roig-Navarro, J.I. Garcia Alonso, Anal. Chem.
82 (2010) 2773-2783.

[39] D. Schaumloffel, R. Lobinski, Int. J. Mass Spectrom. 242 (2005) 217-223.

[40] M. Popp, S. Hann, G. Koellensperger, Anal. Chim. Acta 668 (2010) 114-129.

[41] R.E. Ferguson, Combust. Flame 1 (1957) 431-437.

[42] A.A. Smales, R.K. Webster, Anal.Chim. Acta 18 (1958) 587-596.

[43] A.A. Plentl, E.A. Friedman, Am. J. Obstet. Gynecol. 84 (1962) 1242-1252.

[44] M. Unger, K.G. Heumann, Fresenius Z. Anal. Chem. 320 (1985) 525-529.

[45] R. Clough, S.T. Belt, E.H. Evans, B. Fairman, T. Catterick, Anal. Chim. Acta 500 (2003) 155-170.

[46] M.L. Avramescu, J. Zhu, E. Yumvihoze, H. Hintelmann, D. Fortin, D.R.S. Lean, Environ. Toxicol.
Chem. 29 (2010) 1256-1262.

[47] J. Meija, Z. Mester, Anal. Chim. Acta 607 (2008) 115-125.

[48] H. Kipphardt, P. De Biévre, P.D.P. Taylor, Anal. Bioanal. Chem. 378 (2004) 330-341.

[49] M. Monperrus, P. Rodriguez Gonzalez, D. Amouroux, J.I. Garcia Alonso, O.F.X. Donard, Anal.
Bioanal. Chem. 390 (2008) 655-666.

[50] L. H. Reyes, G. M. Mizanur Rahman, T. Fahrenholz, H.M. Skip Kingston, Anal. Bioanal. Chem. 390
(2008) 2123-2132.

[51] J.P. Snell, I.1. Stewart, R.E. Sturgeon, W. Frech, J. Anal. At. Spectrom. 15 (2000) 1540-1545.

[52] D. Point, W.C. Davis, J.l. Garcia Alonso, M. Monperrus, S.J. Christopher, O.F.X. Donard, P.R. Becker,
S.A. Wise, Anal. Bioanal. Chem. 389 (2007) 787-798.

[53] D. Paint, J. Ignacio Garcia Alonso, W. Clay Davis, S.J. Christopher, A. Guichard, O.F.X. Donard, P.R.
Becker, G.C. Turk, S.A. Wise, J. Anal. At. Spectrom. 23 (2008) 385-396.

[54] J. Meija, L. Yang, J.A. Caruso, Z. Mester, J. Anal. At. Spectrom. 21 (2006) 1294-1297.

81



Partie Il

[55] P. Rodriguez-Gonzalez, J.I. Garcia Alonso, J. Anal. At. Spectrom. 25 (2010) 239-259.

[56] L. Ouerdane, Z. Mester, J. Meija, Anal. Chem. 81 (2009) 5075-5079.

[57] C.S.J. Wolff Briche, C. Harrington, T. Catterick, B. Fairman, Anal. Chim. Acta 437 (2001) 1-10.

[58] L. Yang, R.E. Sturgeon, J. Anal. At. Spectrom. 20 (2005) 724-729.

[59] C.P. Ingle, B.L. Sharp, M.S.A. Horstwood, R.R. Parrish, D.J. Lewis, J. Anal. At. Spectrom. 18 (2003)
219-229.

[60] J. Meija, L. Ouerdane, Z. Mester, Anal. Bioanal. Chem. 394 (2009) 199-205.

[61] I. Gelaude, R. Dams, M. Resano, F. Vanhaecke, L. Moens, Anal.Chem. 74 (2002) 3833-3842.

[62] M. Wang, Y. Zhang, W.Y. Feng, M. Guan, B. Wang, J.W. Shi, M.T. Zhu, B. Li, Y.L. Zhao, Z.F. Chai,
Chin. J. Anal. Chem. 35 (2007) 945-948.

[63] S. Sturup, C. Chen, J. Jukosky, C. Folt, Int. J. Mass Spectrom. 242 (2005) 225-231.

[64] C.J. Park, H. Do, J. Anal. At. Spectrom. 23 (2008) 997-1002.

[65] L. Huguet, S. Castelle, J. Schafer, G. Blanc, R. Maury-Brachet, C. Reynouard, F. Jorand, Sci. Total
Environ. 408 (2010) 1338-1348.

[66] R.D. Wilken, R. Falter, Appl. Organomet. Chem. 12 (1998) 551-557.

[67] M. Resano, I. Gelaude, R. Dams, F. Vanhaecke, Spectrochim. Acta B 60 (2005) 319-326.

[68] Q. Tu, J. Qian, W. Frech, J. Anal. At. Spectrom. 15 (2000) 1583-1588.

[69] S.J. Christopher, S.E. Long, M.S. Rearick, J.D. Fassett, Anal. Chem. 73 (2001) 2190-2199.

[70] S.H. Lee, J.K. Suh, Microchem. J. 80 (2005) 233-236.

[71] D.S. Vidler, R.O. Jenkins, J.F. Hall, C.F. Harrington, Appl. Organomet. Chem. 21 (2007) 303-310.

[72] L. Yang, Z. Mester, R.E. Sturgeon, J. Anal. At. Spectrom. 18 (2003) 431-436.

[73] L. Yang, V. Colombini, P. Maxwell, Z. Mester, R.E. Sturgeon, J. Chrom. A 1011 (2003) 135-142.

[74] R. Clough, S.T. Belt, B. Fairman, T. Catterick, E.H. Evans, J. Anal. At. Spectrom. 20 (2005) 1072-
1075.

[75] M. Monperrus, R.C.R. Martin-Doimeadios, J. Scancar, D. Amouroux, O.F.X. Donard, Anal. Chem. 75
(2003) 4095-4102.

[76] M. Jimenez Moreno, J. Pacheco-Arjona, P. Rodriguez-Gonzalez, H. Preud'Homme, D. Amouroux,
O.F.X. Donard, J. Mass Spectrom. 41 (2006) 1491-1497.

[77] H. Hintelmann, H.T. Nguyen, Anal. Bioanal. Chem. 381 (2005) 360-365.

[78] J.P. Snell, C.R. Quétel, J. Anal. At. Spectrom. 20 (2005) 447-454.

[79] N. Poperechna, K.G. Heumann, Anal. Bioanal. Chem. 383 (2005) 153-159.

[80] G. Centineo, P. Rodriguez-Gonzalez, E.B. Gonzalez, J.I.G. Alonso, A. Sanz-Medel, N.F. Cardona, J.L.
Aranda Mares, S.B. Nebot, Anal. Bioanal. Chem. 384 (2006) 908-914.

[81] H. Garraud, V. Vacchina, F. Seby, J. Dumont, V. Sirot, T. Guérin, J.-C. Leblanc, Ann. Toxicol. Anal.
19 (2007) 71-80.

[82] K. Inagaki, T. Kuroiwa, T. Narukawa, T. Yarita, A. Takatsu, K. Okamoto, K. Chiba, Anal. Bioanal.
Chem. 391 (2008) 2047-2054.

[83] S.W.C. Chung, B.T.P. Chan, J. Chrom. A 1218 (2010) 1260-1265.

82



Partie Il — Revue |

[84] J. Qvarnstrom, W. Frech, J. Anal. At. Spectrom. 17 (2002) 1486-1491.

[85] L.H. Reyes, G.M.M. Rahman, H.M.S. Kingston, Anal. Chim. Acta 631 (2009) 121-128.

[86] A.G. Bravo, J.L. Loizeau, S. Bouchet, A. Richard, J.F. Rubin, V.G. Ungureanu, D. Amouroux, J.
Dominik, Environ. Sci. Pollut. Res. 17 (2010) 1422-1432.

[87] V.F. Taylor, B.P. Jackson, C.Y. Chen, Anal. Bioanal. Chem. 392 (2008) 1283-1290.

[88] S. Clémens, M. Monperrus, O.F.X. Donard, D. Amouroux, T. Guérin, Anal. Bioanal. Chem. (2011) 1-
13, in press.

http://dx.doi.org/10.1007/s00216-011-5040-1 Accessed 13 july 2011

[89] L. Perna, A. LaCroix-Fralish, S. Sturup, J. Anal. At. Spectrom. 20 (2005) 236-238.

[90] W. Davis, S. Christopher, R. Pugh, O. Donard, E. Krupp, D. Point, M. Horvat, D. Gibi¢ar, Z. Kljakovic-
Gaspic, B. Porter, M. Schantz, Anal. Bioanal. Chem. 387 (2007) 2335-2341.

[91] C. Mead, T.M. Johnson, Anal. Bioanal. Chem. 397 (2010) 1529-1538.

[92] L.P. Yu, X.P. Yan, Trends Anal. Chem. 22 (2003) 245-253.

[93] I. Arleny, H. Tabouret, P. Rodriguez-Gonzalez, G. Bareille, O.F.X. Donard, D. Amouroux, Mar. Pollut.
Bull. 54 (2007) 1031-1036.

[94] S. Mishra, S. Bhalke, 1.V. Saradhi, B. Suseela, R.M. Tripathi, G.G. Pandit, V.D. Puranik, Chemosphere
69 (2007) 972-978.

[95] J. Bustamante, A. Albisu, L. Bartolome, A. Prieto, A. Atutxa, S. Arrasate, E. Anakabe, A. de Diego, A.
Usobiaga, O. Zuloaga, Int. J. Environ. Anal. Chem. 90 (2010) 722-736.

[96] B.L. Batista, J.L. Rodrigues, S.S. De Souza, V.C. Oliveira Souza, F. Barbosa Jr, Food Chem. 126
(2011) 2000-2004.

[97] C.M. Tseng, A. De Diego, F.M. Martin, D. Amouroux, O.F.X. Donard, J. Anal. At. Spectrom. 12 (1997)
743-750.

83


http://dx.doi.org/10.1007/s00216-011-5040-1

Partie Il

Choice of Hg species to quantify

Commercially available isotopically enriched Hg species?

Species-specific spiking mode Species-unspecific spiking mode

‘ Multiple spiking mode ‘ ‘ Simple spikingmode

‘ Need for inter-species transformation information? Classical IDMS
Yes No
Simultaneous quantification of Hg species ‘ ‘ Individual quantification of Hg species

Classical IDMS

Species-specific IDMS Isotope pattem deconvolution

Figure 1: Flowchart on IDMS

Color figures are being intended for color reproduction on the Web

4.1

Figure 2: Consequences of interconversion of two compounds A and B on their isotope patterns
(source: [60])
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Table 1: Examples of mercury speciation analysis in biological matrices using isotopic tracers

Reference materials/

biological tissues ID procedure Extraction/derivatisation Separation - detection Figure of merit Reference
DORM-2, o LOD(MeHg) = 2 ng.g™
BCR-463, ZLJ(;Q‘HSP('I'T;”Q mode, | g41id sampling ETV-ICP-MS LOD(THg) = 6 ng.g™* [61]
TORT-2 g RSD,! = 5-14%
) i i 198 0.1% (v/v) 2-mercaptoethanol or 0.15% i i
IAEA-436, DOLT-3 S-IDMS, *®Hg (i) KCl or 0.19% (v/v) HCI ICP-MS [62]
Zooplankton, aquatic 100- LOD(%‘?MHQ) =06 HQ-L'll
amples S-IDMS, *°iHg 2:1 HNO4/HCI (V/v) CV-ICP-MS LOD(* iHg) = 1.4% ng.L" [63]
P RSD, = 0.6 — 1.4%
EglRSI\SA:cﬁHQHCSJI;/}S%b’ S-1IDMS, ¥iHg TMAH/SnCl, CV-ICP-MS LOD =0.018 ng.g™ [64]
— -1
IAEA-407, plankton (FF?) | S-IDMS, **iHg HCI + US/propylation GC-ICP-MS ;gDD ‘:%&5 pmol.L [65]
— -1
Trout (FF), cuttlefish (FF) | S-IDMS, iHg Distillation with H,SO, + HCI HPLC-ICP-MS 'F-{gg(ﬁ"g(';f) =15pg.9 [66]
=
: ) 200 ; : 1D LOD =6 ng.g™
Freshwater fish (FF) S-IDMS, ““Hg Solid sampling ETV-ICP-MS RSD, = 10% [67]
DOLT-2, BCR-463, ) 2014 : GC-MIP-AES or e
TORT-2 S-IDMS, ®iHg HCI + US /Ethylation + SPME COICP-MS CV,=6% [68]
NIST-1946 (FF) S-IDMS, ®iHg HNO4/HCIO, + MAE/SnCl, reduction CV-ICP-MS RSD, = 0.62% [69]
BCR-463, CCQM-P39 | S-IDMS, ?Hg HNO3/H,0, (V/v) + MAE ICP-MS RSD, = 0.5% [70]
— -1
BCR-463, BCR-464 S-IDMS, 2%Hg 25% (m/v) TMAH + MAE HPLC-ICP-MS Egg (:MG%Z'Q) =0519.9 [71]
LOD(MeHg) = 100-200 fg
] ] 202 . . . b LOD(iHg) = 500-600 fg
DOLT-2 S-IDMS, ““iHg HCl/ethylation, propylation or butylation | GC-ICP-MS RSD/(MeHg) = 0.3-4.2% [31]
RSD(iHg) = 0.1-7.0%
DORM-2, DOLT-2, ) 108 25% (m/v) KOH/MeOH / D LOD =2.1ng.g"
DOLT-3 SIDMS, Me™Hg | by opylation + SPME GC-ICP-MS RSD; = 0.65% [72]
) ) 108 25% (m/v) KOH/MeOH / ] LOD=37ng.g"
DORM-2 S-IDMS, Me™"Hg | b, o vlation + SPME GC-MS RSD; = 2.1% [73]
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biological tissues ID procedure Extraction/derivatisation Separation - detection Figure of merit Reference

} ) 199 50: 50 (V/V) HZOZCH3OH ) ) _ 0
DORM-2 S-IDMS, Me™Hg | | 0.01% 2-mercaptoethanol HPLC-ICP-MS RSD, = 11% [45]

} } ) 199 50: 50 (V/V) HZOZCH3OH ) : } ) _ 0
DORM-2, BCR-464 S-IDMS, Me™Hg | | 0.01% 2-mercaptoethanol HPLC-CV-MC-ICP-MS | RSD, = 0.45% [74]

) ) i 201 25% (m/v) TMAH + MAE / D LOD =20-30 fg
BCR-463, DORM-1 S-IDMS, Me™"Hg Ethylation GC-ICP-MS RSD, = 0.3% [35]
) i 201 25% (m/v) TMAH + MAE / D LOD =0.11 pg.kg™
CRM-710 S-IDMS, Me~“Hg Ethylation GC-ICP-MS RSD,= 1.7 2.8 [75]
25% (m/v) TMAH + MAE or
BCR-464, CRM-477 S-IDMS, Me®'Hg | (3/1, v/iv) AcCOH/MeOH + MAE / GC-EI-MS - [76]
Ethylation
DORM-2, TORT-2, _ -1
201 . LOD =1ng.g
SRM-1566b, zoobenthos, | S-IDMS, Me“"Hg | 4M HNOg3/Ethylation GC-ICP-MS _ [77]
RSD, = 2.3-7.5%
zooplankton
CCQM-P39 S-IDMS, Me”Hg | HCI or TMAH/BuMgCI GC-ICP-MS RSD, = 1.4% [78]
BCR-463, DORM-2, 0 .
Mussels, prawns, tuna, S-IDMS, Me***Hg 25% (m/v) TMAH/Ethylation, GC-ICP-MS LOD(MeHg) = 1.4 ng.g™ [79]
. propylation
plaice, pollock, shark
BCR-464, CCQM-P39 S-IDMS, Me*Hg | HCl/Propylation + SPME GC-EI-MS LOD=28ng.g" [80]
DORM-2, molluscs, o - -1
crustaceans, fish, S-IDMS, Me®*Hg 25% (m/v) TMAH + MAE / GC-ICP-MS LOD: 0.3ng.g [81]
- Propylation CVR=5%
prepared fish meals
_ ) 202 25% (m/V) KOH/MeOH + US _ _ _ 0
NMIJ CRM 7402-a S-IDMS, Me™Hg | = 5/ US/Propylation, phenylation GC-ICP-MS RSD, = 1.6% [82]
. LOD (MeHg, EtHg) =0.3

SRM 1947, 1566b, 201 1,5% (wi/v) pancreatin N}

) S-IDMS, Me“"Hg : : GC-ICP-MS ug.kg [83]
TORT-2, oyster, mullet solution/phenylation + SPME RSD, < 15%
SRM 1566b, 2976, S-IDMS /D-IDMS, | 25% (m/v) TMAH + MAE / GC-1CP-MS LOD =5 pg.g™ [52]
2977and 1974a, b (FF) Me?Hg, **!IHg Ethylation RSD, = 1.3-4.0%

D-IDMS LOD(MeHg) =1 pg

DOLT-2, TORT-1 ' 25% (m/v) TMAH + US + L-cysteine HPLC-ICP-MS LOD(IHg) =5 pg [84]

MelgBHg, 201|Hg

RSD; = 5%
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Reference materials/

biological tissues ID procedure Extraction/derivatisation Separation - detection Figure of merit Reference
a) 25% (m/v) TMAH + US,
b) 25% (m/v) KOH/MeOH + US,
¢) 25% (m/v) TMAH + MAE,
] D-IDMS, d) HCI + US, D LOD(MeHg) = 0.78 pg.L™
BCR-464 Me?®Hg, **IHg e) HNO3 + MAE, HPLC-ICP-MS LOD(IHg) = 0.46 pg.L™ [50)
f) HAc + MAE,
g) L-cysteine extraction,
h) protease X1V, enzymatic extraction
BCR-464, DOLT-3, D-IDMS, D LOD(MeHg) = 16 ug.kg™
NIST-1946 (FF) Me*®Hg, **IHg HCI+ MAE HPLC-ICP-MS LOD(IHg) = 9 pg.kg™ [85]
Bleak, asp, carp, perch, D-IDMS, 25% (m/v) TMAH + MAE / DL
roach, pikeperch Me?Hg, **IHg Ethylation GC-ICP-MS [86]
Mussel tissue, golden
grey mullet, anchovy, D-IDMS, 25% (m/v) TMAH + MAE / GC-ICP-MS LOD(MeHg) = 20 pg.L™ [49]
zooplankton, sea urchin, | Me?'Hg, ***IHg Propylation, ethylation LOD(IHg) = 120 pg.L™
oyster tissue, BCR-710
. ] LOD(MeHg) = 72 pg.g™
':‘n‘j:ﬁt]',ics;]“"ermbrates’ EAQBMS' 150 HNO; at 50°C/Ethylation GC-ICP-MS LOD(IHg) = 540 pg.g- [87]
9 g RSD, = 0.72-5.1%
LOD(MeHg) = 8.8 ng.g™
D-IDMS, 25% (m/v) TMAH + MAE / GC-EI-MS, > )
BCR-464, DOLT-4 Me?'Hg, **IHg Propylation, ethylation GC-ICP-MS LODEIHg) =9.2ng9 [38]
CVr =2-1%
BCR-464, DOLT-4, D-IDMS, . . . LOD(MeHg) = 1.2 pg.kg™
TORT-2, seafood Me®IHg, **IHg 25% (m/v) TMAH/propylation GC-ICP-MS LOD(THg) = 1.4 pg kg™ [88]
] ] D-IDMS, 25% (m/v) KOH/MeOH + US / . LOD(MeHg) = 2.8 ng
DORM-2, BCR-414 Me?'Hg. ZHg Ethylation GC-ICP-MS LOD(IHg) = 4.6 ng [89]
SRM 1947, SRM 1946, | D-IDMS, a) 25% (m/v) TMAH + MAE/Ethylation | a) GC-ICP-MS, [90]
SRM 1974a, 1974b Me**Hg, **'IHg b) HCI + MAE/Phenylation + SPME b) GC-MS
D-IDMS,
Me??Hg, **!IHg, 25% (m/v) TMAH + MAE or LOD(MeHg) =9 pg
SRM 19742, 15660 MeCys*Hg, US/Ethylation, propylation or ethylation GC-ICP-MS LOD(IHg) = 22 pg [53]
2lCcysiHg
DORM-2, DOLT-2 D-IDMS, BrCl MC-CV-ICP-MS [91]

l%Hg, 204Hg

'Relative standard deviation in repeatability conditions; “fresh-frozen
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